The stereological procedures available for estimating volume, surface area and number of the structural components of cells and tissue are reviewed. The applications of stereology to the study of liver, mammary gland, lung and placenta are discussed with particular emphasis on the aspects of interest to veterinary pathologists. Stereology provides the cell biologist and the pathologist with a powerful tool for describing biological structure in quantitative terms at various levels of organization from the organ to the organelle.
Histology occupies a central position in pathology, but has been one of the last branches to use quantitative methods routinely. In the past decade, quantitative morphology at the microscopic level has become necessary in the study of tissues and cells. Quantitation is especially valuable in studying structural and functional changes produced by disease.
The use of quantitative data in the description of structural features is called morphometry; morphometric data can be obtained by various means including stereological analysis of tissue sections. Stereology is a technique based on geometric principles that allows the derivation of three-dimensional structures from two-dimensional sections of these structures. By stereological methods, the volume (V), surface (S) and number (N) of structural features in tissues and cells can be determined quantitatively.
The study of biological structure, even in quantitative terms, is a sterile and obsolete science unless related to function. Cell biology has taught us that precisely defined structure is essential for life at the level of molecules, of cells and of organs, and that deviation from this may lead to disease. Cell biology also has shown that most cells contain the full spectrum of organelles, and has identified the functions of many of these. Stereological analysis of tissue sections, by determining the quantitative balance of organelles, can thus provide valuable information about structurefunction correlations and the functional capability of cells. A number of excellent reviews have dealt with the application of stereology to cell biology and human pathology [41, 48, 52, 571. This review deals with the application of stereology to veterinary pathology. 
Stereological Principles and Procedures Terminology and symbols
In general, structures in tissues and cells have three-, two-, one-and zero-dimensional features; these are respectively volume, surface area, length or diameter and number. The most important parameters for the description of three-dimensional structures are volume (V), surface area (S) and number (N). Stereological measurements are defined with respect to a given containing volume; hence they are fractions or densities. Thus a structure may be described in terms of its volume density or volume fraction (V,), i.e. the volume of the structure within the unit volume of a given reference space; surface area (Sv), i.e. the surface area of the structure within the unit reference volume, and numerical density (Nv), i.e. the number of structures within the unit reference volume. General agreement has been reached on a basic set of symbols for use in stereology [48] . These are shown in table I.
To the uninitiated, the terminology and formulae of stereology appear uninformative at first sight. The basic methods of stereological analysis can be illustrated simply with the help of a diagram ( fig. 1 ). The volume fractionVv of a population of structures in a cube of tissues can be estimated from sections of the tissues (represented by the cube face in fig. 1 ) by counting the points P falling on sections of the structure. Likewise, the surface area Sv can be estimated by counting the numbers of intersections I of the structure contours with test lines of known length, and numerical density Nv can be estimated by counting the number N of structure profiles in the section. 
The basic principles of stereology
In 1847, Delesse [12] enunciated the principle upon which most stereological methods are based. The principle, which bears his name, states that, on average, the fractional area of a component lying in a random transverse section of a solid body is directly proportional to the fractional volume of that component in the solid body. In the language of stereology, this is stated as AA =VV.
This formula indicates that the mean area fraction AA of a structure determined on sections is a reliable estimate of the volume fractionvv of the structure.
In histology, although we are dealing with sections of finite thickness, for most purposes the Delesse principle still obtains. For example in sections of liver as shown in fig. 2 , we can derive an estimate of the fractional volume of mitochondria in hepatocytes by measuring the fractional area of the section occupied by mitochondria1 profiles, provided sufficient random sections are taken.
Methods for estimating basic stereological data

Volume fraction VV
In practical terms, the estimation of volume fraction consists of measuring on histological sections the cross sectional area (A) occupied by various components in relation to the total area of the section (AT). This ratio-is called the area fraction AA and is an estimate of the volume fraction VV. The area fraction AA can be measured by a number of methods. a) Planimetry There are various devices which, by drawing round the profile of a structure in sections, w i l l provide the perimeter length and area. The total area of the profiles in the section divided by the section area will provide an estimate of VV.
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A simple fixed arm polar planimeter can provide such information but there are also available electronic digitizers which provide additional information about the profile such as maximum diameter, ferret diameter and centre of gravity co-ordinates. b) Lineal analysis This method involves placing on the section or micrograph an array of equally spaced parallel lines of total length LT. The total length L of the lines superimposed on the structure of interest is measured. The ratiois then an estimate ofAA and hence by the Delesse principle VV. This method is used extensively in televisionbased automatic image analyzing systems.
L LT c) Point counting
The most widely used method for estimating A* is point counting ( fig. 1 ). This 526 Reid method is based on the work of Glagoleff [17] who found that AA of a structure could be estimated by superimposing over a sample section a regular lattice of points and counting the fraction (P) of the total number of points (PT) enclosed within profiles of the structure D
Sur$ace area S v
The surface of structures, e.g. nuclei, mitochondria or lysosomes, in a cube of tissue appears on section as a contour line bounding the structure ( fig. 1.) . The total length of the boundary lines of these profiles @A) is proportional to the surface area of the component per unit volume of tissue [42] :
The boundary length BA can be measured directly by a number of methods including map-measuring devices or simply by using a piece of string. In stereology, the most efficient method is based on the principle that if an array of lines is placed on a section, the number of times the lines are cut or intersected by a boundary contour is an estimate of the length of that contour [45] .
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Thus BA =-* -, where I is the number of intersections of the boundary contour with a test line of length LT. By combining these two equations it can be seen that 
Number of structuresper unit volume of tissue NV
A very useful stereological measurement for describing tissue and cell structure is the number of structures, e.g. mitochondria, lysosomes or granules, per unit volume of tissue, Nv. Obviously, the greater the number of structures per unit volume (Nv), then the greater the number of profiles of that structure per unit area (NA) of a random section. Unfortunately no simple relationship exists between NA and Nv. There are, however, a number of methods for estimating Nv. ness is required, however, between the test lines and the boundary contours.
a) Method of Dehoff and Rhines [l 11
For randomly oriented particles of approximately constant size and shape, where D is defined as the mean particle diameter. There are, however, problems in estimating B from two-dimensional sections, even for spherical particles. Random sectioning of a population of identically sized spheres yields a range of profile diameters from a maximum for those sections passing precisely through the centre of the spheres to a minimum approaching zero for sections grazing the surface of the sphere. Thus the profile mean diameter (d) will underestimate D, the true mean diameter. In the particular case of identically sized spheres,
In biological applications, particles rarely are identically sized spheres and so one must use considerable caution when applying this formula to particles of non-uniform size. For spherical particles of nonuniform size, modifications of this method are available which give reasonable estimates of B [52] . These methods are not suitable for non-spherical particles.
b) Method of Weibel and Gomez [53]
This method permits the calculations of NV fromNa and VV if certain assumptions about the size-frequency distribution and the shape of the particles are made. Because of these assumptions, the method provides only a rough approximation of Nv, but is probably the method of choice in a general study of tissue structure, particularly if Vv is already determined.
The formula is where p is a dimensionless shape coefficient and K is a size distribution coefficient.
The shape constant p is related to the mean particle volume v, and the mean cross sectional area a, by V P = J An estimate of the shape coefficient for cylinders and ellipsoids may be determined on the basis of an analysis of their axial ratios, i.e. ratio of length to diameter (481. For complicated structures, such as mitochondria, the shape coefficient is much more difficult to determine; reasonable estimates of P are available, however, for various cellular organelles including hepatic mitochondria and peroxisomes [4 1, 561.
The factor K depends on the relative size distribution of the particles. If all the particles have the same size, K = 1, but if size is not uniform then K > 1. In biological structure, size normally is not uniform, so estimates of K must be obtained. Weibel [48, 521 has suggested that if the size-frequency distribution is symmetrical and if the standard deviation is less than 25% of the mean diameter, then K lies between 1.0 and 1.07. For many purposes, therefore, K can be disregarded.
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Methods for estimating basic stereological measurements in anisotropic tissues
Stereological analysis of tissue sections is based on a number of assumptions which the reader should be aware of. The components of the tissue to be studied should be: (1) randomly oriented with respect to the plane of section (i.e. isotropic); (2) present in adequate numbers; (3) unambiguously identifiable in sections.
The condition of random orientation of the component with respect to the plane of section (isotropy) may appear difficult to meet for biological tissues, since regular organization of structures is a characteristic of biological order. However, in practice, the arrangement of many biological structures, e.g. liver lobules or mammary alveoli, is such that the orientation of the tissue units with respect to the plane of section is almost infinitely variable. With certain tissues, however, such as skeletal muscle and kidney, the inherent anatomical order is not elirmnated. In skeletal muscle fibres, for example, mitochondria are more prevalent in the I-band than in the A-band and so confer a longitudinal anisotropy on the tissue. Mitochondria also are distributed unequally in the transverse plane. Using a regular array of points on such a tissue could present problems in the estimation of VV and SV if, for example, the periodicity in the test lattice coincided with the tissue periodicity. The problem has been overcome satisfactorily in muscle, for example, by placing the test lattice obliquely at a specified angle to the fibre axis in either transverse or longitudinal sections [ 141 or by using oblique sections of muscle [50] .
Practical procedures in stereology
Specimen preparation
Since one of the objectives of stereological analysis is the production of meaningful data on the quantitative balance of organelles in cells and cells in organs, it is important that the fine structure of the tissue studied is preserved with as little change as possible.
Tissue shrinkage due to fixation and embedding may be a source of error in histological sections. For this reason, in quantitative histological studies, it may be necessary to determine the volume of the organ before and after fixation so that shrinkage may be estimated. Organ volume is best measured in the fresh state by water displacement methods, although this may be difficult with small organs. The volume of small organs can be estimated from area measurements made on serial sections of standard thickness through the organ [ 
11.
The fixation and embedding procedures for electron microscopy seem to result in much less shrinkage than do histological procedures [54] . However, the method of fixation and the fixative used must be chosen carefully. For stereological studies on lung, for example, it is necessary to infuse the fixative into the collapsed lung via the trachea at a standardized pressure [49,5 11 . Ideally, the fixative itself should be chosen following trial experiments to determine the optimum tissue preservation. Particular attention should be paid to the osmolarity of the fixative; the osmolarity of different batches of fixative should be checked routinely with a suitable osmometer.
Sampling
Stereology uses geometric probability theory to derive three-dimensional volume and surface areas from observed two-dimensional images. The test sampling therefore should be representative of the tissue under examination. This is best achieved by a procedure of systematic or stratified sampling [43] . This involves sampling animals, organs, tissues, sections and micrographs in a prescribed manner. A typical sampling procedure for liver biopsy samples can be represented thus:
Stage
Specimen numbers 
This equation shows that, although increasing n reduces VR, increasing nl, n2, n3 or n4 has progressively less effect on VR. This exemplifies the relatively insignificant effect gained by increasing the number of lattice points applied per micrograph compared with increasing the number of animals per group.
For isotropic tissues, such as liver in the example above, sampling is a relatively straightforward procedure. For anisotropic tissues, such as muscle or stratified epithelia, the sampling procedure is more complex. The problem of anisotropy in muscle may be overcome by various means as referred to previously.
Production and analysis of micrographs a) Production For stereological work, micrographs of known magnification and consistent quality must be produced. When micrographs are taken on the electron microscope, a micrograph of a suitable replica grid with a fixed number of lines per mm should be taken as a check on microscope magnification. This normally is done at the beginning of each batch of negatives. The magnification of the particular batch of negatives can be obtained by measuring the negative of the replica grid.
The particular magnification used must be high enough to allow unambiguous identification of the structures of interest and of test points within organelles but also low enough to ensure as large a sample area as possible. A preliminary trial with different magnifications may be necessary to arrive at the optimal magnification. b) Choice of test lattice For stereological analysis of micrographs a test system is used with the following basic requirements: (1) a set of points for volume estimation, (2) test lines of known length for surface estimation, and (3) a known test area for particle counting. A variety of test systems is available 141, 481, the simplest being a quadratic lattice test system ( fig. 2.) . The cross-points of the lines serve as markers for point-counting volumetry, the lines for intersection counting and the entire area for particle counting.
There is an exact relationship between the number of points (PT), the length of test lines (LT) and the size of the test area (AT). The test system is defined as follows:
where d = length of side of the squares.
With anisotropic tissues, problems may arise if a test lattice with a regular array of points is used if the spacing of the test lattice coincides with the periodicities in the tissue. In this case, a random point lattice such as suggested by Chalkey [9] can be used.
The optimum number of test points per lattice can be derived by a number of methods, but the investigator must decide initially on the maximum acceptable error. The error of measurement of a structure by point counting is inversely related to the total number of points applied to that structure and can be estimated simply by the following method of Hally [19] , who suggested that the relative standard error (RSE) of point counting is given by where n = number of points to be applied to a particular structure. From this equation, two important considerations emerge. Firstly, since the error depends on the reciprocal of the square root of the number of points, in any situation it is necessary to count four times the number of points in order to halve the error. Secondly, the smaller VV, the greater the number of points that must be counted for a given error.
To estimate RSE, a trial can be done to estimate roughly VV by placing a test lattice on a number of randomly selected micrographs. Given a structure with aVv of around 0.25 and a required RSE of say lo%, Seventy-five points are required to land in the particular structure, which occupies 25% of the total volume; therefore 75 X 4 or 300 points must be applied to the micrograph samples to achieve an error of 10%.
In practice, structures of widely differing VV will be counted so that normally the number of lattice points applied will be determined by the point density required for the structure of smallest VV. c) Use of test lattice The practice of point counting and intersection counting requires that the test lattice is superimposed on the micrograph in some standard manner. The simplest method involves superimposing on 20 X 25-cm prints a transparent plastic film with the test lattice already drawn on.
When a large amount of stereological work is anticipated, it is prudent to consider a more efficient system of counting. The use of 35mm roll film means that 30 to 40 micrographs may be taken in one session. The micrographs (either as positives or negatives) then can be analyzed in a purpose-built projection system [55] or in an ordinary microfilm reader, thus eliminating printing and enlarging. d) Data recording and handling The normal method of counting is to follow systematically the test points of the lattice from the top left-hand corner in a left to right direction, recording the hits on tissue components. The recording of these counts can be done on mechanical tally counters and the counts transferred to a data book after reading each micrograph. If a large amount of stereological analysis is anticipated, then some form of automated data handling system is advisable [48, 521.
The calculation of the morphometric data from the primary counts can be done manually or with the aid of a computer. Several groups have published special morphometric programmes which calculate the various stereological data from the primary counts and also perform statistical analyses ofthe data [18, 40] .
The morphometric data can be expressed in various ways. The data calculated from the basic formulae are fractions or densities and relate the volume of aggregate structures to a reference volume such as the cell, or nucleus, or cytoplasm or cytoplasmic compartment. The morphometric data also can be expressed in absolute dimensions such as the absolute volume of a cell or cell compartment or the number of structures per cell.
Applications
The concept of cellular pathology, established by Rudolf Virchow [30] in the middle of the last century, has remained the accepted dogma for understanding disease processes. The basic principles of cellular pathology affirm that (1) d' isease processes are alterations in the structure and function of the cell in response to injury, and (2) these alterations are quantitative changes in or degenerations of existing cell structures rather than the formation of completely new structures. Stereological techniques therefore permit the study of cellular pathology to be placed on a much sounder quantitative basis, since the normal organelle composition of a cell type can be defined in statistical terms for a particular situation, and hence deviations from the normal can be recognized more easily. This section on applications will attempt to illustrate the usefulness of quantitative cell pathology to the veterinary pathologist and will deal primarily with liver, mammary gland, lung and placenta.
Liver
The liver is the organ that has been studied most often using stereological methods [27, 41, 48, 561 . This is because of the key function of the liver in metabolism and also because the homogeneity of the liver lends itself to stereological analysis.
Normal baseline-data and inter-species comparisons
One of the characteristics of hepatocytes is their similar size and organelle composition from animal to animal within the same species and even among different species. Morphometric measurements of the liver of non-lactating sheep and cows, lactating cows and rats are shown in tables 11-V. The proportion of liver tissue occupied by hepatocytes, extrahepatocytic space, nuclei, and cytoplasm is remarkably constant among species (table 11). The organelle composition of sheep, cow and rat liver cytoplasm (table 111) is similar, the only major difference being a greater amount of rough endoplasmic reticulum in rat liver.
Fatty liver in high-yielding dairy cows
Fat accumulates in the livers of cows around the time of parturition. The volume fraction of fat in the liver cell can be estimated rapidly by point-counting with an eyepiece graticule in the light microscope. In a survey of some 150 high-yielding Friesian cows from a number of herds in southern England sampled one week after calving, the mean volume fraction of fat in hepatocytes was 0.25 pm3/pm3 with a considerable range from to. 10 pm3/pm3 to >0.60 pm3/pm3. This variation is particularly useful, since the cows can be classified retrospectively into groups on the basis of the amount of fat in the liver, and their health and productivity records examined for evidence of a relationship between fatty liver and disease. This was done in a recent study of 20 high-yielding dairy cows from one of our Institute herds [37, 381. The cows could be split into a mild and a severe fatty liver group on the basis of volume fraction of hepatocytic fat. Liver cell structure and function were disturbed in the cows with severe fatty liver [32] . The cows with severe fatty liver were less fertile, as indicated by the significantly longer calving interval and greater number of services to conception compared with the mild fatty liver group. This study, in addition to suggesting a link between liver function and infertility, illustrates the value of stereological techniques in investigating potential relationships between quantitative organ structure and animal function.
Stereology also has contributed to an understanding of the pathogenesis of postparturient fatty liver. A number of studies [36, 371 have suggested that the fatty liver is caused by an excessive mobilization of fatty acids from adipose tissue in response to the negative energy balance of early lactation. Stereological studies [3 1,32,33, 361 have shown a decreased amount of rough endoplasmic reticulum in the hepatocytes of cows with fatty liver, which suggests that decreased protein synthesis may contribute to the development of the fat by reducing the amount of carrier protein Table 11 . Momhometric data for liver of sheen cow and rat Lactating cows.
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available for secretion of triacylglycerol into the blood. This hypothesis, proposed on the basis of stereological evidence, is supported by direct biochemical evidence of reduced hepatic triacylglycerol production in cows with fatty liver [39] .
Drugs and the liver
Synthetic hormone implants are used to increase the growth rate of ruminant farm animals. Two significant changes in hepatic ultrastructure were detected using stereological methods'following treatment of sheep with trenbolone acetate [34] . One was a 60% increase in the amount of hepatic rough endoplasmic reticulum, whether expressed as volume fraction or surface area. The other change was the occurrence of enlarged, bizarre-shaped mitochondria containing crystalline inclusions.
The 60% increase in the concentration of rough endoplasmic reticulum in the hepatic cytoplasm was not readily apparent using subjective assessment but was easily quantified with the use of stereological techniques. The change in the size of hepatic mitochondria following trenbolone acetate administration was readily apparent by visual assessment but could not be quantified adequately by stereological techniques because the drastic change in shape of the mitochondria precluded the estimation of numerical density.
Mammary Gland
Morphometric analysis has been used to describe the cellular and sub-cellular organization of mammary gland in lactogenesis of cow [3, 231 , mouse and rat [22, 281 , mammary tumours of the mouse [21] and mastitis of the cow [lo] and mouse [4, 35) .
Lactogenesis
In natural lactogenesis in the rat and mouse [28] and induced lactogenesis in the cow [23] , morphometric methods have shown an increased proportion of alveolar tissue in the mammary gland compared to pre-partum samples. At parturition there was a sharp fall in the number of alveoli per unit area and a corresponding rise in mean alveolar diameter [28] .
The effects of the lactational cycle on the organelle composition of alveolar cells of mouse mammary gland have been studied by Hollman [22] . The conclusion reached with the help of the quantitative data was that mammary cells were not fully differentiated at the onset of lactation and that organelles in the secretory cell developed independently of each other.
Mast it is Stereological techniques have been used to describe the quantitative pathology of streptococcal mastitis in the cow 48 hours and 96 hours post-inoculation [lo] , and also to monitor the early (6 and 12 hour) changes in staphylococcal mastitis in the mouse before the onset of tissue necrosis. The technique as applied to early staphylococcal mastitis in the mouse demonstrated statistically and biologically significant changes in mammary gland structure at a time when conventional histological and ultrastructural studies failed to detect significant changes [5, 351. The organelle changes in the secretory cells in mastitis mimicked in many ways those found in naturally occurring involution, but took place more rapidly.
Mammary tumours
The differentiation of a tumour, i.e., the extent to which the neoplastic cell resembles normal cells, is often a useful index of its malignancy and rate of growth. A distinction between differentiated and undifferentiated cells can be made by electron microscopy since one criterion of cellular differentiation is the development of cytoplasmic organelles. Morphometric analysis has been used to quantlfy the organelle composition of mammary alveolar cells in normal mice and in mice with mammary tumours [21] . All the mammary tumours examined had less well developed organelles than normal lactating alveolar cells.
L u g
The structure of the lung is designed essentially to facilitate gas exchange between air and blood.
A model [49] has been proposed for the estimation of pulmonary diffusion capacity from stereological analysis of the blood-air interface.
The method has been applied to a number of animals, including dogs of various weights [MI, and in a comparative study, monkeys, dogs, rabbits, rats, mice and shrews [51] .
Morphometric techniques have been used to evaluate the pathological changes in a number of experimental lung diseases including oxygen toxicity in rats and monkeys [24-261 and radiation damage [58] in hamsters.
Placenta
The placenta is essentially an exchange surface between mother and embryo. The surface available for exchange of nutrients is increased b y means of folds and villi. The important measurements in terms of function are the absolute villous surface area of the placenta and the relative villous surface area, i.e. the ratio between the absolute villous surface area and the tissue volume of placenta and embryo. These data, as well as others, can be estimated by stereological methods. Detailed descriptions of the stereological methods used in studies of placental structure have been made [2, 71. Interspecies comparisons Baur [7] has estimated the absolute and relative villous surface area in twenty-one different species of animals varying in size from the guinea pig to the African elephant. In the full term placentas, the larger the foetus the greater the villous surface area available for exchange. This relationship also holds true in human [2] and sheep placentas [46] .
Observations made on placentas of cows, horses, pigs and cats suggest that, as pregnancy proceeds, the villous surface area increases less than the tissue volume such that the relative placental surface actually decreases from mid-pregnancy onwards. This example illustrates the value of quantitative structural data in stimulating new lines of physiological investigation.
Placental pathology
In a study of normal and abnormal human placentas, Aherne and Dunnill [2] found a significant reduction in villous surface area in placentas from full-term pregnancies from patients who were hypertensive during pregnancy, and also in placentas from patients who were normotensive during pregnancy but who had abnormally small mfants. In contrast, in haemolytic diseases of the newborn, the villous surface area was considerably greater than normal.
Other organs
Stereological techniques are beginning to be applied to the kidney both in healthy and diseased humans [15, 16, 291 and have been used with some success to differentiate acute post-streptococcal glomerulonephritis and non-streptococcal glomerulonephritis, which could not be differentiated by standard techniques [ 151.
Despite the complication of anisotropy, which creates special problems for the stereological analysis of muscle, there have been a number of quantitative studies of skeletal and cardiac muscle [6, 13, 14, 201 .
Future Developments
This review has not dealt with automatic methods of quantitative image analysis such as described by Bradbury [8] . These television-based image analyzing computers are likely to play an increasing role in the retrieval of numerical data from light and electron microscope images. The basic methods of stereology can be used by image analyzers to provide data much more quickly than classical point counting methods. However, their use is limited at the present time because they cannot match the powers of discrimination and pattern recognition of the human eye and brain.
The pathologist who uses stereological techniques may find himself describing statistically significant changes in organelle structure the functional significance of which may not be clear because of limitations in our understanding of organelle function. For example, the number and volume of microbodies in the liver cell may vary in experimental situations, but frequently the functional significance of such changes is obscure [34, 40] . It is likely, however, that the response of most organelles to injury is limited to a relatively small number of possible reaction patterns [40, 471 . Stereology will contribute increasingly to the understanding and delineation of these organelle reaction patterns and so increase the ability of the pathologist to understand disease mechanisms.
Conclusion
It is clear that the biologist now has available methods which permit the study of biological structure in quantitative terms at various levels of organization, i.e., organ, tissue, cell and organelle. This has provided the cell biologist with a new and powerful 540 Reid tool which, in conjunction with biochemical methods, considerably expands the potential for meaningful structure-function correlations. Stereology is a new medium for communication between the morphologist and the biochemist and is proving a necessary element in interdisciplinary research.
To the pathologist the rewards are equally great. Stereological techniques can detect early pathological changes in tissues and cells at a time when conventional evaluation shows nothing. Furthermore, by determining the quantitative balance of cells in organs, or organelles in cells, it is possible to estimate the functional impairment imposed on tissues by various pathological changes.
